ABSTRACT Endogenous kinase activity of highly purified pyruvate dehydrogenase complex from bovine kidney is markedly inhibited by N-ethylmaleimide and by certain disulfides. Inhibition by disulfides is highly specific and is reversed by thiols. 5,5'-Dithiobis(2-nitrobenzoate) is the most potent inhibitor, showing significant inhibition at a concentration as low as 1 ,)M. Cystamine, oxidized glutathione, pantethine, lipoic acid, lipoamide, ergothionine, insulin, oxytocin, and vasopressin were ineffective. Hydrogen peroxide and t-butyl hydroperoxide were inactive. The data indicate pyruvate dehydrogenase kinase (EC 2.7.1.99) contains a thiol group (or groups) that is involved in maintaining a conformation of the enzyme that facilitates phosphorylation and inactivation of its protein substrate, pyruvate dehydrogenase (EC 1.2.4.1). These findings suggest that modulation of pyruvate dehydrogenase kinase activity by thiol-disulfide exchange may be an important physiological mechanism for regulation of kinase activity and, hence, activity of the pyruvate dehydrogenase complex. In early studies on the kinase, Linn et al. (3) observed that a significant loss of kinase activity occurred during storage of bovine kidney pyruvate dehydrogenase complex at 5°C. Kinase activity was largely restored by incubating the aged preparations with dithiothreitol. Thereafter, a thiol, usually dithiothreitol, was included in the buffers during purification and storage of the pyruvate dehydrogenase complex. In our continuing investigation of regulation of the pyruvate dehydrogenase complex, we have studied effects of thiol-modifying reagents on kinase activity. These studies are described here.
phatase (EC 3.1.3.43). The kinase is tightly bound to the dihydrolipoyl transacetylase core of the complex. The phosphatase also binds to the transacetylase, and this attachment requires the presence of Ca2 . When pyruvate dehydrogenase and its kinase are both bound to the transacetylase core, the rate of phosphorylation is increased markedly, apparently because of favorable topographical positioning of pyruvate dehydrogenase with respect to its kinase or possibly to a change in conformation of either the pyruvate dehydrogenase or the kinase, or both enzymes, induced by binding to the transacetylase (2) .
In early studies on the kinase, Linn et al. (3) observed that a significant loss of kinase activity occurred during storage of bovine kidney pyruvate dehydrogenase complex at 5°C. Kinase activity was largely restored by incubating the aged preparations with dithiothreitol. Thereafter, a thiol, usually dithiothreitol, was included in the buffers during purification and storage of the pyruvate dehydrogenase complex. In our continuing investigation of regulation of the pyruvate dehydrogenase complex, we have studied effects of thiol-modifying reagents on kinase activity. These studies are described here.
MATERIALS AND METHODS
Highly purified preparations of bovine kidney pyruvate dehydrogenase complex, its component enzymes, and pyruvate dehydrogenase phosphatase from bovine heart were obtained as described (4, 5 10 ,000 cpm/nmol). Radioactive ATP was added last to start the reaction. When preparations of the kinase-transacetylase subcomplex, which were free of phosphatase, were assayed, NaF was omitted from the reaction mixture. At 20-and 40-sec intervals after addition ofATP, 0.05-ml aliquots were withdrawn, and protein-bound radioactivity was measured on filter paper discs as described (4 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Steady-State Experiments. In the presence of endogenous kinase, added pyruvate dehydrogenase phosphatase, Mg2+, Ca2+, and ATP, activity ofthe pyruvate dehydrogenase complex reaches a steady-state level within a few minutes. The desired steady state activity was achieved by adjusting the amount of phosphatase added and by selecting an appropriate ATP/ADP molar ratio (6) . Components and conditions are described in the legend of Fig. 3 .
RESULTS AND DISCUSSION Highly purified preparations of bovine kidney pyruvate dehydrogenase complex are stored in buffer containing 0.4 mM dithiothreitol. Preliminary experiments showed that treatment ofthese enzyme preparations with an excess ofN-ethylmaleimide resulted in a time-dependent loss ofendogenous kinase activity but had little effect on the ability of the preparation to oxidize pyruvate. To facilitate study ofeffects ofthiol-modifying reagents on kinase activity, dithiothreitol was removed from preparations of the pyruvate dehydrogenase complex by filtration over a column of Sephadex G-25. Time-dependent inhibition of endogenous kinase activity by N-ethylmaleimide is shown in Fig. 1 . Similar results were obtained with the bovine heart pyruvate dehydrogenase complex (data not shown). Inhibition by N-ethylmaleimide proceeded rapidly to about 50%, then increased gradually. This inhibition was not reversed by dithiothreitol (data not shown). These observations indicate that a thiol group (or groups) in the kinase is modified and that this thiol group (or groups) is not directly involved in kinase catalysis.
Endogenous kinase activity was also inhibited by certain disulfides (Table 1) . This inhibition was reversed by dithiothreitol (data not shown). DTNB was the most potent inhibitor. Several naturally occurring disulfides, including cystamine, oxidized glutathione, cystine, lipoic acid, lipoamide, ergothionine, pantethine, insulin, oxytocin, and vasopressin were ineffective. Hydrogen peroxide, a postulated mediator of the insulin effect on pyruvate dehydrogenase activity (7, 8) 10 mM NaF, and the indicated concentrations of thiol-modifying reagents (total volume, 0.2 ml) were incubated for 5 min at 30°0.
[r" P]ATP (0.5 mM) was added, and the initial rate of incorporation of 32P-labeled phosphoryl groups into the pyruvate dehydrogenase complex was measured.
was t-butyl hydroperoxide (9) . Inhibition of kinase activity as afunction of DTNB concentration is shown in Fig. 2 Proc. Nad Acad. Sci. USA 79 (1982) Proc. NatL Acad. Sci. USA 79 (1982) 3947 concentration. Inhibition by DTNB was rapid (<30 sec at 300C) and was reversed by reduced glutathione (Fig. 2) and by cysteamine and dithiothreitol (data not shown).
Treatment of the pyruvate dehydrogenase complex with DTNB did not cause the kinase to dissociate from the transacetylase (data not shown), a possibility that would result in decreased kinase activity (2, 3) . To eliminate the possibility that DTNB exerts its inhibitory effect on kinase activity by interacting with pyruvate dehydrogenase, the protein substrate of the kinase, experiments were conducted with kinase-transacetylase subcomplex. The subcomplex was treated with DTNB, unreacted reagent was removed by filtration on Sephadex G-25, pyruvate dehydrogenase was added to the preparation, and kinase activity was measured in the absence and presence of dithiothreitol. The results (Table 2) show that DTNB exerted its inhibitory effect on the kinase and not on pyruvate dehydrogenase. Treatment ofthe kinase-transacetylase subcomplex with DTNB did not affect the ability of the subcomplex to bind pyruvate dehydrogenase and dihydrolipoyl dehydrogenase to reconstitute an active pyruvate dehydrogenase complex (11) .
In the presence of ATP, Mg2+, one or more allosteric effectors, and all of the proteins involved in the pyruvate dehydrogenase system, a steady state is rapidly established for the fractional phosphorylation of pyruvate dehydrogenase that determines the specific activity of the pyruvate dehydrogenase complex. Steady-state activity depends on the relative concentrations of kinase and phosphatase and on the concentrations or molar ratios of substances that affect the activities of these two regulatory enzymes (6). Steady-state conditions are thought to simulate conditions existing in living cells. Experiments were performed to determine the sensitivity of the steady-state level of activity to the concentration of DTNB. Typical data (Fig. 3) show that the steady-state activity of the complex is affected markedly by varying the concentration of DTNB and, thereby, changing the activity of the kinase. The effect of DTNB is reversed by dithiothreitol. At the low concentrations at which DTNB inhibits kinase activity, this disulfide had no effect on phosphatase activity (data not shown). The results also demonstrate that addition of the phosphatase inhibitor NaF to the A sample of kinase-transacetylase subcomplex (1.6 mg), obtained by resolution of bovine kidney pyruvate dehydrogenase complex (10) , was incubated for 5 min at 30°C with 200 ,LM DTNB in 0.2 ml of 20 mM phosphate buffer, pH 7.0/1 mM MgCl2/0.1 mM EDTA. The mixture was passed through a 0.9 x 10 cm column of Sephadex G-25, that had been equilibrated with the same buffer, to remove unreacted DTNB. A control lacking DTNB was treated in the same manner. To 80 ,ug of DTNB-modified or control kinase-transacetylase subcomplex was added 286 ,ug of highly purified pyruvate dehydrogenase and, where indicated, 2 mM dithiothreitol, in a final volume of 0.2 ml. After 5 min at 300C, the preparations were assayed for kinase activity. To reconstitute the pyruvate dehydrogenase complex, [17] [18] system, after DTNB, "blocks" the stimulatory effect of DTNB on pyruvate dehydrogenase complex activity. If the site of action of DTNB in this system were not known, the results could be interpreted mistakenly to indicate that DTNB stimulates pyruvate dehydrogenase phosphatase activity and that this stimulation is blocked by NaF.
The data reported in this communication show an unrecognized mechanism for possible regulation of pyruvate dehydrogenase kinase activity. The kinase apparently contains a thiol group (or groups), modification, of which decreases kinase activity. It appears that this thiol group is not involved directly in catalysis but rather in maintaining a conformation of the kinase that facilitates phosphorylation of its protein substrate, pyruvate dehydrogenase. Ofparticular interest is the reversible inhibition of the kinase by certain disulfides. The data indicate a high degree of specificity in this thiol-disulfide exchange reaction. Of the disulfides tested, DTNB was the most potent inhibitor. Cystamine was a poor inhibitor, and oxidized glutathione, pantethine, lipoic acid, and a variety of other disulfides were ineffective. Although DTNB does not occur naturally, it is conceivable that a naturally occurring disulfide may exhibit reactivity comparable to or greater than that of DTNB. There has been speculation about, but as yet no definitive evidence for, the occurrence of highly specific disulfide-containing regulatory peptides (12) . It is interesting to note reports that insulin stimulates release from plasma membranes of a substance that increases pyruvate dehydrogenase activity of mitochondrial preparations (13) (14) (15) (16) (17) . Although this putative chemical mediator is proposed to act by stimulating pyruvate dehydrogenase phosphatase activity (18, 19) , the observed increase in pyruvate dehydrogenase activity could be caused as well by inhibition of pyruvate dehydrogenase kinase activity (cf. Fig. 3 ). The limited Biochemistry: Pettit et d
